Gabel, Lisa A. and Joseph J. LoTurco. Layer I ectopias and increased excitability in murine neocortex. J Neurophysiol 87: 2471-2479, 2002; 10.1152/jn.00828.2001. Cortical dysplasias are associated with both epilepsy and cognitive impairments in humans. Similarly, several animal models of cortical dysplasia show that dysplasia causes increased seizure susceptibility and behavioral deficits in vivo and increased levels of excitability in vitro. As most current animal models involve either global disruptions in cortical architecture or the induction of lesions, it is not yet clear whether small spontaneous neocortical malformations are also associated with increased excitability or seizure susceptibility. Small groups of displaced neurons in layer I of the neocortex, ectopias, have been identified in patients with cognitive impairments, and similar malformations occur sporadically in some inbred lines of mice where they are associated with behavioral and sensory-processing deficits. In a previous study, we characterized the physiology of cells within neocortical ectopias, in one of the inbred lines (NXSM-D/Ei) and showed that the presence of multiple ectopias is associated with the generation of spontaneous epileptiform activity in slices. In this study, we use extracellular recordings from brain slices to show that even singlelayer I ectopias are associated with higher excitability. Specifically, slices that contain single ectopias display epileptiform activity at significantly lower concentrations of the GABA A receptor antagonist bicuculline than do slices without ectopias (either from opposite hemispheres or animals without ectopias). Moreover, because removal of ectopias from slices does not restore normal excitability, enhanced excitability is not generated within the ectopia. Finally, we show that in vivo, mice with ectopias are more sensitive to the convulsant pentylenetetrazole than are mice without ectopias. Together these results suggest that alterations in cortical hemispheres containing focal layer I malformations increase cortical excitability and that even moderately small spontaneous cortical dysplasias are associated with increased excitability in vitro and in vivo.
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I N T R O D U C T I O N
Cortical malformations have been identified in Յ24% of all cases of epilepsy (Annegers 1994; Meencke and Veith 1992) and ϳ 40% of severe or intractable epilepsy cases (Farrell et al. 1992; Hardiman et al. 1988) . Cognitive impairments have similarly been associated with disruptions in neocortical development (Barkovich et al. 1989 development (Barkovich et al. , 1994 Palmini et al. 1991; Ricci et al. 1992) . For example, patients with four-layered polymicrogyria show cognitive impairments, including language impairments, mental retardation, and epilepsy (Guerrini et al. 1999; Kuzniecky and Barkovich 1996; Kuzniecky et al. 1989) , and patients with layer I ectopias and microgyria show language and learning impairments (Humphreys et al. 1990; Kaufmann and Galaburda 1989) . Although there is a correlation between the presence of cortical malformations and neurological impairments, the particular properties of dysplastic cortex that cause impaired function have not been clearly defined.
To determine the mechanistic relationship between cortical malformations and impaired neurological function, investigators have focused on several animal models that display cortical dysplasias similar to those observed in humans. In one animal model, microgyria are induced by perinatal freezelesions, and this causes a pronounced increase in spontaneous hyperexcitability and spontaneous epileptiform activity in slices (Jacobs et al. 1999; Luhmann and Raabe 1996) . Hyperexcitability in this model is blocked with N-methyl-D-aspartate (NMDA) receptor antagonist, D-2-amino-5-phosphonopentanoic acid (D-AP5) (Jacobs et al. 1999) and correlates with the severity of the malformation (Luhmann and Raabe 1996) . However, rats with induced-microgyria have not been shown to spontaneously seize or have an increased sensitivity to proconvulsant drugs. In contrast, a rat genetic model of subcortical band heterotopia (SBH) (tish mutant: telencephalic internal structural heterotopia) and a model of micrencephaly (fh/fh) show spontaneous electrographic and behavioral seizures in vivo (Chen et al. 2000; Lee et al. 1997; Sarkisian et al. 1999) . In vitro, the tish mutant exhibits hyperexcitability on exposure to proconvulsant drugs [i.e., and penicillin] in the presence of low magnesium (Chen et al. 2000) , but unlike the microgyria model, epileptiform activity in slices from tish mutants does not occur without proconvulsant treatment. In addition, in slices from rats with either inducedmicrogyria or the tish mutant, hyperexcitability appears to be greatest within nearby normatopic cortex (Chen et al. 2000; Jacobs et al. 1996 Jacobs et al. , 1999 Luhmann and Raabe 1996) , suggesting that the surrounding tissue, not the malformation, is the source of hyperexcitability.
Layer I ectopias are made up of clusters of misplaced neurons and glia and contain small and medium pyramidal cells, some abnormally oriented pyramidal cells, as well as nonpyramidal cells (Caviness et al. 1978; Kaufmann and Galaburda 1989) . Ectopias appear to occur as a result of disrupted migration caused by either abnormal interactions between migrating neuroblasts and radial glial fibers (Caviness et al. 1978) and/or disruptions in the pia and layer I (Caviness et al. 1978; McBride and Kemper 1982) ; however, the mechanisms have not been elucidated. Focal dysplasias in upper cortical layers, including ectopias and microgyria, have been associated with dyslexia (Humphreys et al. 1990; Kaufmann and Galaburda 1989) and ectopias with psychomotor retardation (Caviness et al. 1978) . Ectopias, virtually identical to those described in humans with developmental dyslexia and psychomotor retardation, have been identified in three strains of autoimmune mice: NZB/BlNJ, BXSB/MPJ, and NXSM-D/Ei mice (Sherman et al. , 1987 (Sherman et al. , 1990a (Sherman et al. , 1991 . Ectopias in these mice contain Ն50 cells, are located in either the somatosensory (NXSM-D/Ei and NZB/BlNJ) or frontal/motor (BXSB/MPJ) cortices, and occur in 40 -85% of mice (Boehm et al. 1996; Denenberg et al. 1991a; Gabel and LoTurco 2001; Sherman et al. 1990a ). The sporadic occurrence within a particular line makes them an ideal experimental model to test differences in behavior, anatomy, or physiology associated with spontaneous malformations. For example, ectopias in these mice have been associated with behavioral impairments, such as spatial and nonspatial working-memory deficits (Balogh et al. 1998; Boehm et al. 1996; Denenberg et al. 1991b; Schrott et al. 1993; Spencer et al. 1986 ) and in processing rapid auditory stimuli (Clark et al. 2000; Frenkel et al. 2000) . Similar behavioral disruptions occur in rats with induced microgyria (Fitch et al. 1994 Herman et al. 1997; Rosen et al. 1995) , suggesting a common neurological phenotype for spontaneously occurring ectopias and induced microgyria.
We recently characterized the electrophysiology of neurons within neocortical ectopias in NZB/BlNJ and NXSM-D/Ei mice and showed that spontaneous epileptiform-like discharges were recorded within ectopias in a slice that contained two adjacent ectopias (Gabel and LoTurco 2001) but not in slices with single ectopias. In the present study, we performed extracellular field potential recordings in partially disinhibited slices containing single ectopias. In addition, we examined the seizure susceptibility of NXSM-D/Ei mice with and without ectopias by injecting them with increasing doses of pentylenetetrazole (PTZ). We show that neocortical slices containing ectopias have a lower bicuculline (BMI) threshold for generation of epileptiform activity as compared with hemispheres either opposite ectopias or taken from mice without ectopias. The epileptiform events induced in slices containing ectopias are reversibly blocked with the NMDA receptor antagonist D-AP5. Furthermore, using knife cuts, we demonstrate that ectopias are not necessary for generating epileptiform activity in slices. Last, NXSM-D/Ei mice with ectopias are more susceptible to PTZ than NXSM-D/Ei mice without ectopias. These results indicate that NXSM-D/Ei mice with layer I neocortical ectopias display an increased level of excitability in vitro and in vivo.
M E T H O D S

Preparation of brain slices
Male and female NXSM-D/Ei mice [37-246 days postnatal (PD); PD 129 Ϯ 11, mean Ϯ SE; Jackson Laboratories, Bar Harbor, ME] were deeply anesthetized with halothane and decapitated. Following decapitation, the brains were removed from the skull and immersed in an ice-cold, oxygenated sucrose-artificial cerebrospinal fluid (sucrose-ACSF) solution containing (in mM): 124.0 sucrose, 5.0 KCl, 2.0 MgCl 2 , 1.23 NaH 2 PO 4 (2 ⅐ H 2 O), 23.8 NaHCO 3 , and 2.0 CaCl 2 ; pH ϭ 7.4. The brains were blocked, and 300-m-thick coronal serial sections were cut using a Vibroslice (Campden Instruments, London, UK). Slices were transferred to a petri dish containing ice-cold, oxygenated ACSF and examined with oblique illumination under a dissecting microscope to identify slices containing ectopias. ACSF contained (in mM): 124.0 NaCl, 5.0 KCl, 2.0 MgCl 2 , 1.23 NaH 2 PO 4 (2 ⅐ H 2 O), 23.8 NaHCO 3 , and 2.0 CaCl 2 ; pH ϭ 7.2, osmolarity ϭ 300 Ϯ 5 mosM/l. Slices were maintained at room temperature (20 -22°C) in ACSF for Ն1 h in an oxygenated holding chamber before recording began. Recordings were performed at 35-36°C. The University of Connecticut Institutional Animal Care and Use Committee (IACUC) approved all protocols.
Extracellular recordings
Field potential recordings were made from 55 slices (DC-5 kHz, low-pass filtered at 3 kHz, or AC-5 kHz, low-pass filtered at 0.1 kHz, AM Systems). Recording electrodes, made from glass micropipettes (ϳ5 M⍀), were pulled from capillary tubing (Garner Glass N51A, Garner Glass, Claremont, CA) using a Narishige multi-step electrode puller (Model PP-830) and filled with ACSF. Data were digitally sampled at 10 kHz and acquired and analyzed with Superscope II software (GW Instruments, Sommerville, MA). Extracellular stimuli were delivered through concentric micro-bipolar electrodes (FHC, Bowdoinham, ME). Biphasic 200-s square current pulses were applied at 0.033 Hz using increasing current intensities in increments of 50 A until a maximal field potential was reached; baseline recordings were continued at 75% of maximal stimulation. BMI (Sigma Chemicals, St. Louis, MO) was added to the bath in increasing concentrations of 0.1, 0.3, 1.0, and 3.0 M to determine the threshold of epileptiform responses. Each BMI concentration was applied for 20 min at a flow rate of 1.6 ml/min. In some experiments, 50 M D-AP5 (Tocris Cookson, St. Louis, MO) was added. In 14 slices, the ectopia was separated from the adjacent cortex and/or cut out of the slice using a finely pulled hand-held glass micropipette. Following extracellular recordings, slices were immediately fixed in 4% paraformaldehyde in 0.1 M phosphate buffer, pH 7.4 (see Histological procedures).
Characterization of epileptiform activity in slices
Epileptiform events were identified based on their large, multiphasic voltage deflections, which lasted for durations that were from 572.8 to 960.3 ms. In this study, epileptiform responses were defined as voltage deflections which were Ն1.5 times the amplitude and Ͼ5 times the duration of the baseline field potential responses. Peak amplitudes of baseline field potential responses and epileptiform events were determined at each recording site. Averages from four to seven responses for each recording site were calculated for each slice, and then these values were averaged to obtain mean peak amplitudes for each recording site across slices. Duration of baseline field potentials and epileptiform responses were measured from initial rise (1 SD above or below the mean voltage of the baseline period) to a return either to baseline or steady state following the decay of the responses. The average amplitude of epileptiform response was 3.8 times the amplitude and 37.2 times the duration of baseline responses. Latencies to epileptiform events were calculated from stimulus onset to initial rise of the epileptiform events. Latencies to epileptiform events were determined at each recording site. Averages from four to seven responses for each recording site were calculated for each slice, and then these values were averaged to obtain mean latencies to epileptiform events for each recording site across slices. BMI thresholds were determined by the concentration of BMI needed to induce an epileptiform event.
behavioral seizure activity in any of the mice tested. Additional injections of 10 mg/kg ip were administered every 10 min until the mice exhibited a generalized seizure or a maximum cumulative dose of 130 mg/kg was given. Before testing NXSM-D/Ei mice, we examined the seizure susceptibility of mice with a different genetic background, CD1 mice. In general, myoclonic jerks and generalized seizures were induced in CD1 mice at a lower cumulative dose of PTZ (65 Ϯ 5.0 and 75 Ϯ 15.0 mg/kg, respectively) compared with NXSM-D/Ei mice (75.38 Ϯ 6.76 and 90.83 Ϯ 7.33 mg/kg, respectively), and seizures were always lethal. A generalized seizure was characterized as a wild running episode, major generalized seizure without tonus, and/or tonic/clonic seizure. Postmortem histological analysis of the brains was performed to determine which mice had ectopias (see Histological procedures). Four NXSM-D/Ei mice, two with and two without ectopias, did not have generalized seizures. A small percentage of mice had lethal seizures (12.5%, 2/16), one female mouse without and one male mouse with ectopias. The seizure susceptibility of these mice was determined by the dose of PTZ injected and time to first myoclonic jerk (MJ) and to first generalized seizure. Time to first MJ and generalized seizure was calculated from time of dose that induced a MJ or generalized seizure. Statistical significance was determined using single-factor ANOVA with a P Ͻ 0.05. Values are given as means Ϯ SE.
Histological procedures
ANALYSIS OF WHOLE BRAINS. Following PTZ treatment, mice were anesthetized using halothane and then perfused with 4% paraformaldehyde. Brains were then postfixed overnight, blocked in 1.9% agar, and sectioned on a vibratome. Sections (40-m thick) were collected, mounted onto slides, and stained using standard Nissl staining procedures. Following Nissl stain, slices were dehydrated in 70, 95, and 100% ethanol and coverslipped with cytoseal (Stephens Scientific, Kalamazoo, MI). Slices were then scanned for ectopias and images were taken in Adobe Photoshop using a Nikon Eclipse e-400 microscope with a spot camera (Diagnostic Instruments). Ectopias were identified in the somatosensory cortex in 8 of 16 mice tested.
SLICES USED IN EXTRACELLULAR EXPERIMENTS.
To determine if BMI threshold of the epileptiform events was correlated with the size of ectopias in slices, the area of each ectopia was determined. Area was determined by examining the number of pixels in an image of an ectopia that was taken in Adobe Photoshop using a spot camera (Diagnostic Instruments) connected to a Nikon Eclipse e-400 microscope. A correlation analysis was then performed comparing the area of ectopias to the epileptiform threshold, determined by lowest BMI concentration needed to induce an epileptiform event in slices.
R E S U L T S
Ectopias
Ectopias were identified in 300-m slices and visualized with the aid of a dissecting microscope and oblique illumination. Ectopias are seen in living slices as cone shaped malformations in layer I with fibers emanating from the base of the malformation (see Fig. 3A ). In post hoc histological analysis of brain slices, ectopic clusters of cells were seen predominately in layer I but often extended into and disrupted the laminar pattern in cortical layers II/III (Fig. 1) . Fibers emanating from the base of ectopias often disrupted layers II-VI underlying ectopias (see Gabel and LoTurco 2001; Sherman et al. 1990b ). Ectopias in slices were identified in 58.8% (30/51) of all mice tested: 67.5% (27/40) of male and 27.3% (3/11) of female NXSM-D/Ei mice. Ectopias were primarily located in somatosensory cortex (SS ctx; 93.3%, 28/30), although a few (6.7%, 2/30) mice had ectopias located in frontal cortex (FR1 ctx). A small percentage (13.3%, 4/30) of mice had multiple ectopias located in the same or opposite hemispheres but never with multiple ectopias located in the same hemisphere of a single 300-m slice. All cases of multiple ectopias involved the SS ctx of male NXSM-D/Ei mice. Field potential recordings were made in a total of 55 slices; 25 slices contained ectopias and 30 slices did not. Ectopias ranged in area from 412.3 to 2234.9 m 2 .
Slices containing ectopias have a lower threshold for epileptiform activity
To compare the threshold for epileptiform activity in slices containing ectopias (E ϩ ), slices from mice without ectopias (E Ϫ ), and slices from hemispheres opposite slices containing ectopias (E opp ), we recorded field potentials and applied increasing concentrations of BMI (0.1, 0.3, 1.0, and 3.0 M) until characteristic long-latency (824.01 Ϯ 19.52 ms), largevoltage deflections (1.73 Ϯ 0.14 mV; i.e., epileptiform responses) were observed (Fig. 2) . Epileptiform responses were initiated at an average concentration of 2.43 Ϯ 0.37 M BMI in E Ϫ slices ( Fig. 2A) , which was not significantly different from E OPP slices [2.71 Ϯ 0.29 M BMI; F(1,13) ϭ 0.375; P ϭ 0.6; Fig. 2B ]. Because there was no significant difference between E opp and E Ϫ slices, collectively they will be referred to as slices without ectopias. Epileptiform responses were observed in slices containing ectopias at significantly lower BMI concentrations (1.2 Ϯ 0.30 M BMI, Fig. 2C ) than slices without ectopias [F(1,30)ϭ16.57, P ϭ 0.0003; Fig. 2E ]. Furthermore, 50% (8/16) of slices containing ectopias had epileptiform thresholds of 0.1 and 0.3 M BMI, whereas none of the slices without ectopias showed epileptiform responses at these low concentrations. In addition, epileptiform events induced with low concentrations of BMI in slices containing ectopias were reversibly blocked with 50 M D-AP5 (Fig. 2D) . Together these data suggest that slices containing ectopias are hyperexcitable compared with slices without ectopias. This difference could not be attributed to age differences because the average ages in each group were not significantly different (E ϩ 120.6 Ϯ 12.0, E Ϫ 87.3 Ϯ 12.5, E opp 126.2 Ϯ 18.8 days postnatal). In addition, there was no significant correlation between the area of ectopias and the BMI threshold (r ϭ Ϫ0.064, data not shown).
Spread of epileptiform activity in slices containing ectopias
Simultaneous field potential recordings were made in slices containing ectopias to examine the laminar propagation of epileptiform activity (Fig. 3A) . Epileptiform responses induced by low BMI concentrations of either 0.1 or 0.3 M were examined in slices containing ectopias (concentrations that never produced epileptiform responses in slices without ectopias). Figure 3 shows an example of epileptiform responses, recorded simultaneously from three sites (superficial, middle and deep layers) medial (Fig. 3B) , lateral (not shown), or within the column containing an ectopia (Fig. 3C) . Field potential responses show similar laminar profiles in all three locations (medial, lateral, or within the column containing an ectopia). All epileptiform responses within layer II/III showed a large, long-latency positivity, and a large, long-latency negativity in layers V/VI. Layers V/VI consistently displayed the shortest latency epileptiform response (Table 1) .
Increased excitability remains after ectopia removal
To determine if the epileptiform activity is generated by ectopias, knife cuts were made to remove ectopias from slices. Figure 4A shows an example of a recording from a slice containing an ectopia tested both before and after the removal of an ectopia. Epileptiform responses induced by 0.1 M BMI were still present in the slice after the ectopia was removed. To rule out the possibility that epileptiform responses were initiated within ectopias in slices and then this activity induced plasticity in tissue adjacent to the ectopia, which in turn lowered the threshold to BMI, we performed additional knife cut experiments. Slices containing ectopias were cut before the addition of low concentrations of BMI and the BMI threshold was determined for both halves of the slice. Although separated, both halves of the slice began showing epileptiform activity with application of 0.1 M BMI (Fig. 4B ). Together these results show that epileptiform activity in low concentrations of BMI is generated outside of ectopias.
Mice with ectopias have a lower seizure threshold to PTZ
Considering the increased sensitivity to BMI of slices containing ectopias, we hypothesized that mice with ectopias would be more sensitive to proconvulsant treatment in vivo. To test sensitivity to PTZ, 16 NXSM-D/Ei mice (9 males and 7 females) were given an initial dose of 30 mg/kg ip, then 10 mg/kg of PTZ was injected every 10 min until a generalized seizure was observed or a maximum cumulative dose of 130 mg/kg was given. Because mice with ectopias can only be identified with postmortem histological analysis, the experimenter was blind to which mice have an ectopia. Postmortem histological analysis of the brains showed that 50% (8/16) of the mice tested had ectopias in the somatosensory cortex: 75% (6/8) of mice with ectopias were male and 25% (2/8) were female. Behaviorally, seizure activity consisted of MJ, which was often followed by a generalized seizure. Generalized seizures occurred between 6 s and 60 min after the first MJ. Generalized seizure activity ranged from forelimb clonus and wild running episodes to major generalized seizures (with or without tonus) in both mice with and without ectopias. One-third of mice with ectopias exhibited generalized seizure activity at cumulative doses of PTZ (40 -50 mg/kg), a dose that never induced a generalized seizure in mice without ectopias. In addition, 3/8 mice with ectopias had more severe generalized seizures (major generalized seizures), whereas all mice without ectopias exhibited only minor generalized seizure activity (clonus of the forelimbs and/or wild running episodes). Despite behavioral differences between these groups, there were no significant differences in the dose of PTZ to induce generalized seizures between mice with (78.33 Ϯ 11.95 M) and without ectopias [103.33 Ϯ 5.58 M; F(1,11) ϭ 3.59, P ϭ 0.09; Fig.  5B ]. The time between the PTZ injection and the resultant seizure response (either myoclonic jerk or generalized seizure) was also not significantly different between mice with and mice without ectopias [F(1,12) ϭ 3.02, P ϭ 0.11, MJ; F(1,11) ϭ 0.14, P ϭ 0.72, generalized seizure]. However, it took significantly lower doses of PTZ to induce myoclonic jerks in mice with ectopias (58.3 Ϯ 6.01 M) compared with mice without ectopias [90 Ϯ 8.16 M; F(1,12) ϭ 9.18, P ϭ 0.01; Fig. 5A ]. This difference could not be attributed to sex differences between groups because there was no significant difference in the dose of PTZ to induce myoclonic jerks in female compared with male mice [90.0 Ϯ 11.79, male; 80.0 Ϯ 9.76, female; F(1,12) ϭ 0.52, P ϭ 0.48]. These results show that mice with ectopias have an increased sensitivity to PTZ when compared with mice without ectopias.
D I S C U S S I O N
Possible mechanisms of increased excitability
Previously we showed that the presence of two ectopias in the same slice is associated with the generation of spontaneous epileptiform activity, evoked in the absence of BMI application, in vitro (Gabel and LoTurco 2001) . Here we show that slices containing single ectopias display epileptiform activity at significantly lower concentrations of BMI than slices without ectopias. These results are consistent with findings from other Traces were swept out to show latencies of the epileptiform events in each layer (B2 and C2). Arrowheads point to the onset of the epileptiform activity in each trace. Layer II/III responses (light gray), layer IV responses (dark gray), and layer V/VI responses (black). Epileptiform latencies were consistently shorter in cortical layers V/VI, suggesting that epileptiform activity may be initiated in infragranular layers in slices containing ectopias.
animal models of cortical dysplasias that exhibit increased excitability in slices containing malformations (Baraban et al. 2000; Chen et al. 2000; Jacobs et al. 1996 Jacobs et al. , 1999 Luhmann and Raabe 1996; Roper et al. 1997) .
Animal models of both SBH and microgyria have provided evidence that epileptiform activity is initiated in the normatopic rather than the dysplastic cortex (Chen et al. 2000; Jacobs et al. 1996 Jacobs et al. , 1999 Luhmann and Raabe 1996) . Similarly, we have shown that removal of ectopias in partially disinhibited slices does not restore normal excitability. Therefore epileptiform activity in slices containing ectopias also appears to be generated in the normatopic cortex, suggesting that this area contains anomalous structures or connections that initiate epileptiform activity. Mechanisms underlying the increased excitability in the normatopic cortex surrounding dysplasias remains unclear, but disruptions in cortical circuitry (Rosen et al. 1989 (Rosen et al. , 2000 and an imbalance of excitation and inhibition (Babb et al. 2000; Defazio and Hablitz 2000; Hablitz and Defazio 1998; Luhmann et al. 1998; Prince and Jacobs 1998; Redecker et al. 2000; Roper 1998; Rosen et al. 1998; Zhu and Roper 2000) have been suggested as possible causes of hyperexcitability in animal models of cortical dysplasias.
Examination of cortical and subcortical circuitry in microgyric rats indicated that callosal (Rosen et al. 1989 (Rosen et al. , 2000 and thalamic (Rosen et al. 2000) afferents normally made to the missing laminae in the microgyric cortex were re-routed to the paramicrogyrial cortex. This disruption may have increased the strength of excitatory connections to the paramicrogyrial zone, which would be consistent with increased excitability in areas surrounding the dysplasia (Jacobs et al. 1999) . Similarly, aberrant cortical and subcortical circuitry has also been identified in animal models of ectopias. Studies using retrograde and anterograde tracers have shown ectopias make aberrant connections with thalamus, receive input from subcortical structures (Jenner et al. 2000) , and extend axons along the axon fascicles underlying ectopias (Gabel and LoTurco 2001; Jenner et al. 2000) , which terminate in cortical areas ipsilateral to ectopias, as well as in thalamus (Jenner et al. 2000) . Further- (2), and lateral (3) to an ectopia is shown before and following removal of an ectopia. B: prior to recording a vertical cut was made through layers I-VI (including white matter) 1,000 m from the lateral edge of the ectopia (OE). Application of 0.1 M BMI induced epileptiform activity medial (1) and lateral (2) to an ectopia and also on the lateral side (3) of the distal cut. Stimulating electrodes were placed in the white matter on both sides of the cortical transection. more, recent histological data have suggested that horizontal axonal projections across the dysplastic cortex may be disrupted by ectopias (Gabel and LoTurco 2001) . These data suggest that ectopias are anomalously connected to cortical as well as subcortical structures and cause disruptions in circuitry. Similar to animals with microgyria, it is possible that increased excitability in slices with neocortical ectopias is also due to disruptions in cortical circuitry.
An imbalance between excitation and inhibition has also been suggested to underlie hyperexcitability in slices containing focal cortical malformations. A reduction in the number of interneurons (Roper et al. 1999; Sarkisian et al. 2001 ), a downregulation of GABA receptors (Luhmann et al. 1998; Redecker et al. 2000) , and an increase in NMDA receptor subunits (Babb et al. 2000; Defazio and Hablitz 2000) and AMPA receptors (Luhmann et al. 1998 ) have all been shown to occur in models of cortical dysplasias. Our recent electrophysiological data did not suggest that there is a functional increase in NMDA, AMPA, or GABA A receptor-mediated events within ectopias compared with normatopic cortex (Gabel and LoTurco 2001) , but a comparison between the normatopic cortex surrounding ectopias and the normatopic cortex in mice without ectopias has not been performed. An increase in the number of vasoactive intestinal peptide (VIP) immuno-positive neurons was reported within the dysplastic cortex of NZB/BlNJ mice, another mouse strain with spontaneously occurring ectopias in layer I of neocortex (Sherman et al. 1990b ). More specifically, an increase in the number of VIP immuno-positive neurons was identified medial to and within the column containing an ectopia compared with a homologous area in the opposite hemisphere. It is unclear how an increase in VIP immunopositive interneurons in slices containing ectopias could create an increased sensitivity to BMI; however, potentiation in GABA-mediated synaptic transmission is suggested to promote interneuronal synchrony and circuitry excitability (Kohling et al. 1998; Lopantsev and Avoli 1998; Velazquez and Carlen 1999) . These results suggest that both disruptions in circuitry and alterations in synaptic transmission may underlie increased excitability in slices containing ectopias.
Comparison to other cortical dysplasias
Current models of cortical dysplasias range from global malformations (either genetic or induced) to induced focal cortical dysplasias. Despite anatomical differences between animal models of cortical dysplasias, most exhibit increased excitability in slices containing the malformation (Baraban et al. 2000; Chen et al. 2000; Jacobs et al. 1996 Jacobs et al. , 1999 Luhmann and Raabe 1996; Roper et al. 1997 ). Most models also have either spontaneous seizure activity or an increased susceptibility to seizure-inducing drugs (Baraban and Schwartzkroin 1996; Baraban et al. 2000; Chen et al. 2000; Sperber 1997, 1998; Germano et al. 1996; Lee et al. 1997; Roper et al. 1995; Sarkisian et al. 1999) . Similarly, we have shown that slices containing ectopias display an increased level of excitability, and mice with ectopias have an increased sensitivity to PTZ. Unlike other models of cortical dysplasias, ectopias are moderately small malformations, cause a minimal amount of disruption of the normal cortical architecture, and occur spontaneously within the frontal and somatosensory corticies. Ectopias may provide insight into the minimal amount of disruption to the normal cortical architecture that leads to cortical dysfunction. Despite the small size of ectopias, they may cause global disruptions in cortical function that predisposes mice with ectopias to sensitivity to pro-convulsants, and behavioral and sensory deficits. In addition, the increased excitability in the ectopia model represents another similarity with the microgyria model, which shows concordant behavioral and anatomical abnormalities. Similarities between ectopia and microgyria models include behavioral impairments in discrimination learning (Rosen et al. 1995; Schrott et al. 1992 ) and processing rapid auditory stimuli (Clark et al. 2000; Fitch et al. 1994 Fitch et al. , 1997 Frenkel et al. 2000; Herman et al. 1997) , changes in size of thalamic neurons (Herman et al. 1997; Jenner et al. 1996) , as well as the aforementioned disruptions in cortical circuitry (Jenner et al. 2000; Rosen et al. 1989 Rosen et al. , 2000 . This could suggest that epilepsy and cognitive deficits caused by cortical dysplasias are linked by common mechanisms such as connectivity or receptor changes that alter the excitability of cortical networks.
